INTRODUCTION {#S1}
============

Spinal motoneurons are nonlinear integrators of the locomotor network ([@R6]; [@R24]). The most distinctive nonlinear firing property consists of a self-sustained firing evoked by a brief excitation ([@R28]; [@R31]). This all-or-none bistable behavior arises from a prolonged depolarization known as a "plateau potential," which is mediated by persistent inward currents ([@R4]; [@R29]; [@R37]; [@R52]). From extensive *in vitro* recordings, the plateau potential appears to be preceded by a slow subthreshold membrane depolarization, then manifested by a spike-frequency acceleration before reaching a steady-state firing rate ([@R3]; [@R11]; [@R27]; [@R38]) referred to as the "preferred firing range" ([@R36]). Analogous firing-frequency acceleration, seen in motor units from *in vivo* recordings, provides evidence that the slow voltage transition to plateau is part of the physiological repertoire of motoneurons ([@R10]; [@R15]; [@R36]; [@R43]). The other striking manifestation of the slow voltage transition to the plateau potential is the cumulative depolarization of the membrane potential and slow increase in spiking frequency with repetitive excitations at short intervals ([@R1], [@R2]; [@R56]), as occurs during locomotion ([@R7]). This apparent short-term memory is usually referred to as a "windup" phenomenon. *In vivo* correlates are found in the form of a progressive amplification of both motor unit discharges and force development during the onset of repetitive movements like locomotion ([@R1]; [@R10]; [@R21], [@R22]; [@R26]; [@R36]; [@R43]).

The slow voltage transition to the plateau is assumed to rely on progressive recruitment of L-type Ca^2+^ channels, because both spike-frequency acceleration and windup are blocked by the L-type channel blocker nifedipine in motoneurons ([@R25]; [@R27]; [@R28]; [@R30]; [@R56]). However, the involvement of L-type Ca^2+^ channels has significant limitations during early developmental stages because both spike-frequency acceleration and windup emerge as early as birth in motoneurons of neonatal rats ([@R4]) when L-type Ca^2+^ channels are not or only weakly expressed ([@R18]; [@R34]). This offset suggests that channels other than L-type Ca^2+^ channels may contribute to the appearance of nonlinear properties during early developmental stages. The present study demonstrates in rats and mice that the slow voltage transition to plateaus is mainly mediated by the slow inactivation of a nifedipine-sensitive K^+^ current through Kv1.2 channels. Furthermore, we take a step toward identifying a behavioral role for Kv1.2 channels in the windup of rhythmic motor outputs upon the initiation of locomotion.

RESULTS {#S2}
=======

Delayed Spike-Frequency Acceleration: A Hallmark of Bistability Both in Neonatal and Adult Motoneurons {#S3}
------------------------------------------------------------------------------------------------------

Under *in vitro* recording conditions with temperature \>30°C and 1.2 mM CaCl~2~ in the saline as found *in vivo* ([@R17]; [@R35]), up to 80% of neonatal motoneurons recorded in whole-cell mode from 4th/5th lumbar spinal cord slices display bistability, manifested by self-sustained spiking after a brief excitation ([@R4]). In response to subthreshold current steps, bistable lumbar motoneurons (n = 28 cells) invariably developed a voltage-dependent slow membrane depolarization triggered at −69.2 ± 0.6 mV. Close to the rheobase (888 ± 75 pA), the slow depolarization increased monoexponentially with a time constant of 4.6 ± 0.5 s ([Figure 1A](#F1){ref-type="fig"}, bottom trace), and its maximum amplitude was 4.8 ± 0.3 mV. Slightly above rheobase, the ramp depolarization culminated in a delayed onset of spike discharge characterized by a net spike-frequency acceleration ([Figure 1A](#F1){ref-type="fig"}, top black trace). Incremental depolarizing pulses reduced the delay until conversion to tonic spiking ([Figure 1A](#F1){ref-type="fig"}, top red trace). The delayed firing occurred within a range of 1.00--1.25 ± 0.2 times the rheobase. At intermediate current pulses, some motoneurons (6 of 28) fired a burst of spikes at current onset, separated from tonic spiking by a pause ([Figure S1A](#SD1){ref-type="supplementary-material"}). During sustained discharge induced by a mean current of 1,100 ± 90 pA, spike frequency increased from 15.3 ± 0.8 to 24.8 ± 0.3 Hz until a steady-state rate was achieved without further apparent adaptation (p \< 0.001; [Figure S1B](#SD1){ref-type="supplementary-material"}). During the discharge, motoneurons' action potentials exhibited a progressive decrease of both duration and amplitude of the slow afterhyperpolarization (p \< 0.001; [Figure 1B](#F1){ref-type="fig"}; [Figures S1C and S1D](#SD1){ref-type="supplementary-material"}). These decreases paralleled the time course of acceleration of the firing frequency ([Figure 1C](#F1){ref-type="fig"}; [Figures S1E and S1F](#SD1){ref-type="supplementary-material"}). Importantly, non-bistable motoneurons did not display either a voltage-dependent slow membrane depolarization or delayed spike-frequency acceleration. To determine whether this delayed firing pattern was a transitory developmental phenomenon, we recorded the firing properties of lumbar motoneurons from adult mice *in vivo*. Similar to the neonatal *in vitro* recordings, the majority of motoneurons (22 out of 30) displayed a slow membrane depolarization ([Figure S2A](#SD1){ref-type="supplementary-material"}) and started to fire with a delay from pulse onset. Once firing had started, the instantaneous firing frequency increased over time ([Figure S2B](#SD1){ref-type="supplementary-material"}).

Delayed Spike-Frequency Acceleration Reflects a TTX-Insensitive Slow Membrane Depolarization {#S4}
--------------------------------------------------------------------------------------------

We investigated the cellular mechanisms underlying the spike-frequency acceleration in neonatal rat motoneurons. Although the tight relationship between the time course of the afterhyperpolarization and discharge acceleration supports a role for Ca^2+^-activated K^+^ channels, their blockade by apamin did not abolish either the delayed spike-frequency acceleration or the subthreshold slow membrane depolarization ([Figure 1D](#F1){ref-type="fig"}; [Figures S3A--S3C](#SD1){ref-type="supplementary-material"}). The slow membrane depolarization is not dependent on a subthreshold-activated persistent Na^+^ inward current because it was not affected by tetrodotoxin (TTX; 1 µM), a blocker of voltage-gated Na^+^ channels (p \> 0.05; [Figures 1E and 1F](#F1){ref-type="fig"}). Notably, the firing rate increase recorded before the application of TTX could be superimposed on the TTX-resistant slow membrane depolarization ([Figure 1G](#F1){ref-type="fig"}). We thus considered that the apparent spike-frequency acceleration reflects basic features of the slow membrane depolarization independent of voltage-gated Na^+^ channels.

Subsequent experiments were conducted under TTX in order to determine the ionic basis of the slow membrane depolarization. Nifedipine (20 µM), a blocker widely used to demonstrate the contribution of L-type Ca^2+^ channels, significantly decreased the slow membrane depolarization (p \< 0.05; [Figure 1H](#F1){ref-type="fig"}). However, no sign of persistent inward Ca^2+^ current was clearly observed in our recordings ([Figure S3D](#SD1){ref-type="supplementary-material"}). Furthermore, the slow depolarization did not differ when recorded in Ca^2+^-free solution or in the presence cadmium (100 µM), a broad-spectrum Ca^2+^ channel blocker (p \> 0.05; [Figures 1I--1K](#F1){ref-type="fig"}). Neither the blockade of T-type Ca^2+^ channels by mibefradil (10 µM) nor intracellular Ca^2+^ chelation (1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid \[BAPTA\], 10 mM) affected the slow depolarization (p \> 0.05; [Figures S3E and S3F](#SD1){ref-type="supplementary-material"}). We thus assumed that nifedipine did not block the slow depolarization by inhibiting Ca^2+^ influx, but by some other mechanism. In sum, both Ca^2+^-activated K^+^ channels and voltage-gated Ca^2+^ channels do not appear as major contributors of the TTX-insensitive slow membrane depolarization.

The Slow Membrane Depolarization Is Mediated by Slow Inactivation of a TEA-Insensitive K^+^ Current {#S5}
---------------------------------------------------------------------------------------------------

In normal artificial cerebrospinal fluid (aCSF), during the spike-frequency acceleration, the action potential broadened monoexponentially (p \< 0.001; [Figures 2A and 2B](#F2){ref-type="fig"}; [Figure S4A](#SD1){ref-type="supplementary-material"}). At the same time, the rise slope of spikes decreased linearly (p \< 0.01; [Figure 2C](#F2){ref-type="fig"}; [Figure S4B](#SD1){ref-type="supplementary-material"}), while the rate of repolarization monoexponentially slowed (p \< 0.001; [Figure 2D](#F2){ref-type="fig"}; [Figure S4C](#SD1){ref-type="supplementary-material"}) and was linearly related to the time course of increase of both the duration of spikes ([Figure 2E](#F2){ref-type="fig"}; [Figure S4D](#SD1){ref-type="supplementary-material"}) and the spike-frequency acceleration ([Figure 2F](#F2){ref-type="fig"}; [Figure S4E](#SD1){ref-type="supplementary-material"}). This result led us to suspect that the spike-frequency acceleration and the slow membrane depolarization may be caused by a very slow inactivation of a K^+^ current. Under TTX, the broad-spectrum voltage-gated K^+^ channel blocker tetraethylammonium (TEA) increased the amplitude of the slow membrane depolarization (p \< 0.01; [Figure 2G](#F2){ref-type="fig"}). Thus, TEA-sensitive K^+^ currents appear to counteract the slow membrane depolarization. However, after an initial decrease by 34% ± 8% caused by the depolarizing step, the cell input resistance slowly increased by 87% ± 18% in parallel with the emergence of the slow depolarization (p \< 0.05; [Figure 2H](#F2){ref-type="fig"}). A slow decrease in membrane conductance accompanying a slow depolarization may be consistent with the slow inactivation of TEA-insensitive K^+^ channels. This hypothesis is further supported by a decrease in amplitude of the slow membrane depolarization when the extracellular K^+^ concentration was raised to 9 mM, which reduced the driving force on potassium in this voltage range (p \< 0.05; [Figure 2I](#F2){ref-type="fig"}).

To further decipher the ionic mechanisms underlying the slow depolarization, we switched to voltage-clamp mode in the presence of TTX and TEA. When subjected to a depolarizing voltage step from −80 to −40 mV for 7.5 s, motoneurons displayed a prominent outward current, slowly inactivating with a decay time constant of 4.1 ± 0.2 s similar to that found for the slow membrane depolarization ([Figure 3A](#F3){ref-type="fig"}). The outward current was decreased in amplitude when \[K^+^\]~o~ was increased to 9 mM (p \< 0.05; [Figure 3A](#F3){ref-type="fig"}) and was abolished when the intrapipette K^+^ was replaced by cesium (p \< 0.05; [Figure 3B](#F3){ref-type="fig"}), suggesting that the measured current was primarily carried by K^+^ ions. Consistent with this, the reversal potential for the current was close to the predicted equilibrium potential for K^+^ (−87.7 ± 4.3 mV; [Figure S5A](#SD1){ref-type="supplementary-material"}). We refer to this current as slow inactivating potassium outward current (*I~Ks~*). Note that *I~Ks~* remained stable when whole-cell recordings were established ([Figure S5B](#SD1){ref-type="supplementary-material"}).

Biophysical Properties of *I~Ks~* Responsible for the Slow Membrane Depolarization {#S6}
----------------------------------------------------------------------------------

Experiments were undertaken on seven motoneurons to examine the voltage dependence of the channel(s) underlying *I~Ks~*. From the current-voltage relationship fitted with a standard Boltzmann function ([Figure 3C](#F3){ref-type="fig"}, black traces), its threshold for activation was positive to −70 mV, and its amplitude increased steeply (slope factor k: 7.5 ± 0.7) for larger voltage steps with a mid-point of activation (*V*~1/2~) at −43 ± 2 mV and then plateaued above −20 mV ([Figure 3D](#F3){ref-type="fig"}). The voltage dependence of inactivation was studied with a series of depolarizing presteps followed by measurement of the remaining current at −40 mV ([Figure 3C](#F3){ref-type="fig"}, gray traces); *I~Ks~* was half-inactivated at −51.9 ± 2.2 mV and fully inactivated when the membrane potential was maintained above −30 mV ([Figure 3D](#F3){ref-type="fig"}). Recovery from inactivation was very slow: complete recovery of the initial amplitude potassium current required separation of two successive long-lasting current pulses by at least 12 s ([Figures 3E and 3F](#F3){ref-type="fig"}). In line with the slow recovery from inactivation, the delay between the onset of the pulse and the onset of firing shortened in motoneurons from adult mice *in vivo* when the interval between two successive pulses was below 10 s, reflecting the reduction in *I~Ks~* during the second step at these shorter intervals ([Figures S2B and S2C](#SD1){ref-type="supplementary-material"}). A cumulative inactivation was also found with repeated short depolarizations. Thus, *I~Ks~* declined by 24% ± 5.7% when motoneurons were submitted to sinusoidal current injections at a frequency as low as 0.5--1 Hz (p \< 0.05; [Figure 3G](#F3){ref-type="fig"}). Note that the magnitude of *I~Ks~* linearly increased with temperature ([Figure 3H](#F3){ref-type="fig"}) and was similar in identified motoneurons innervating the triceps surae or the tibialis anterior muscles ([Figure S5C](#SD1){ref-type="supplementary-material"}). In sum, irrespective of their functional identity, most motoneurons displayed a slow-inactivating temperature-sensitive K^+^ current likely responsible for the slow membrane depolarization.

The Pharmacological Profile of *I~Ks~* Implicates Kv1.2 Channels {#S7}
----------------------------------------------------------------

To provide insight into the α subunits forming the K^+^ channel(s), we applied a battery of K^+^ channel blockers in the presence of TTX and TEA. As a first observation, increasing the concentration of TEA from 10 to 20 mM did not further change *I~Ks~*, suggesting that 10 mM was enough to block almost all TEA-sensitive K^+^ channels (p \> 0.05; [Figure S5D](#SD1){ref-type="supplementary-material"}). In addition to blocking L-type Ca^2+^ channels, nifedipine inhibits a variety of K^+^ channels, including Kv1.1, Kv1.2, Kv1.3, Kv1.5, Kv2.1, and Kv3.1 ([@R23]; [@R40]). Nifedipine (20 µM) caused a reduction of *I~ks~* (p \< 0.05; [Figure 4A](#F4){ref-type="fig"}; [Table S1](#SD1){ref-type="supplementary-material"}) and an inward shift of the holding current by −145 ± 30 pA (p \< 0.05, n = 7 cells; [Figure 4A](#F4){ref-type="fig"}). Spinal motoneurons of rats express Kv2.1 channels ([@R42]), but their inhibition by stromatoxin ([@R16]) (STx; 3 µM) did not affect *I~Ks~* (p \> 0.05; [Figure 4B](#F4){ref-type="fig"}; [Table S1](#SD1){ref-type="supplementary-material"}).

After the pharmacological exclusion of Kv2 subunits, we assessed the response to 4-AP for which Kv1 channels are sensitive ([@R9]). 4-Aminopyridine (4-AP; 0.2 mM) reduced *I~Ks~* by the same amount as nifedipine (p \< 0.05; [Figure 4C](#F4){ref-type="fig"}; [Table S1](#SD1){ref-type="supplementary-material"}). To further investigate which Kv1 subunits are involved, we tested dendrotoxin-I (DTx-I; 1 µM), which blocks Kv1 channels that contain at least one Kv1.1 or Kv1.2 subunit ([@R23]). DTx-I reversibly abolished *I~Ks~* (p \< 0.01; [Figure 4D](#F4){ref-type="fig"}; [Table S1](#SD1){ref-type="supplementary-material"}). Immunostaining substantiates the presence of Kv1.1 ([Figures 4E and 4G](#F4){ref-type="fig"}) and Kv1.2 ([Figures 4H--4J](#F4){ref-type="fig"}) channels in almost all presumptive neonatal motoneurons (57 out of 62 cells for Kv1.1; 62 out of 66 for Kv1.2), specifically in the distal part of their Ankyrin G-positive axonal initial segments. Both subunits were abundantly co-expressed in the vast majority of presumptive motoneurons (45 out of 49 cells; [Figures 4K--4M](#F4){ref-type="fig"}).

To provide further clues about the channel subunit composition, we used toxins specific for one Kv1 subunit. Application of dendrotoxin-K (DTx-K; 1 µM), a potent blocker for Kv1.1 ([@R48]), had no effect (p \> 0.05; [Figure 4N](#F4){ref-type="fig"}; [Table S1](#SD1){ref-type="supplementary-material"}), while tityustoxin (TsTX; 1 µM), which inhibits Kv1.2 ([@R59]), reversibly suppressed *I~Ks~* (p \< 0.01; [Figure 4O](#F4){ref-type="fig"}; [Table S1](#SD1){ref-type="supplementary-material"}) and the slow depolarization it underlies ([Figures 5A and 5B](#F5){ref-type="fig"}). Taken together, these data strongly implicate inactivation of potassium channels containing Kv1.2 subunits in the generation of *I~Ks~*.

Inactivation of Kv1.2-Mediated *I~Ks~* Promotes Near-Threshold Nonlinear Firing Properties in Motoneurons {#S8}
---------------------------------------------------------------------------------------------------------

We tested the functional role of Kv1.2 channels on firing properties of bistable motoneurons by measuring their degree of spike-frequency acceleration before and after bath application of TsTX. Experiments were performed in the presence of the glutamate receptor blocker kynurenate (1.5 mM) to dampen neural network activity when Kv1.2 channels were blocked. As a first observation, bath application of TsTX increased the holding current required to maintain the membrane potential at --80 mV (p \< 0.05; [Table S2](#SD1){ref-type="supplementary-material"}), consistent with the block of a Kv1.2-mediated conductance that is active at rest. As mentioned above, TsTX prevented or strongly decreased the slow membrane depolarization associated with *I~Ks~* ([Figures 5A and 5B](#F5){ref-type="fig"}), as well as the delay in onset of firing, which can be observed across a narrow range of low-voltage steps up to 1.08 ± 0.06 times the rheobase ([Figure 5C](#F5){ref-type="fig"}). In addition, the motoneuron's slow acceleration of firing during tonic spiking was abolished with TsTX ([Figures 5D and 5E](#F5){ref-type="fig"}); the neurons' initial spike frequency was in the range of the maximal frequency seen at the end of the firing acceleration in untreated neurons. We further tested the role of Kv1.2 channels in the integration of rhythmic inputs, by investigating the motoneurons' responsiveness to sine wave current injection of constant amplitude with temporal dynamics compatible with locomotor frequencies (0.5--2 Hz). In the subthreshold range, close to the rheobase, the voltage response of untreated motoneurons to eight successive same-amplitude cycles increased by 4.6 ± 0.4 mV (p \< 0.01; [Figure 5F](#F5){ref-type="fig"}), which was similar to the peak amplitude of the slow membrane depolarization seen in response to a rectangular current injection. When current was increased to reach the firing threshold, the first spike seen was elicited in response to the third or fourth cycle in the series ([Figure 5G](#F5){ref-type="fig"}), and increased in frequency with each subsequent cycle. During application of TsTX, the slow accumulating depolarization of subthreshold oscillatory membrane potentials was occluded by TsTX (p \< 0.01; [Figure 5F](#F5){ref-type="fig"}); the response to the first cycle was the same as for all other cycles. Likewise, the delay of firing in response to successive oscillatory cycles disappeared ([Figure 5G](#F5){ref-type="fig"}); the neurons fired at maximal frequency during the first oscillation. Note that all results described above are reproduced by 1 µM DTx-I ([Figure S6; Table S2](#SD1){ref-type="supplementary-material"}).

Kv1.2-Mediated *I~Ks~* Boosts Fictive Locomotion {#S9}
------------------------------------------------

To investigate the theoretical effect of Kv1.2 channels on motoneuron firing behavior, we used a multi-compartment computational model of the motoneuron. In this model, transient and persistent Na^+^ currents, voltage-dependent delayed rectification and Ca^2+^-dependent K^+^ currents, and N-type Ca^2+^ current were simulated. Because the L-type Ca^2+^ current is not or only weakly expressed during the perinatal period ([@R18]), it was not included in the model. The model was further supplemented by a slowly inactivating Kv1.2-like conductance derived from our voltage-clamp recordings ([Figures 3](#F3){ref-type="fig"} and [S7A--S7C](#SD1){ref-type="supplementary-material"}). Simulated motoneurons expressing such currents reproduced key features of the biological responses to stepwise and sinusoidal depolarizing currents, i.e., a delayed firing pattern to small current steps ([Figure 6A](#F6){ref-type="fig"}) and windup (increasing depolarization and acceleration of spiking) during repeated oscillations ([Figure 6B](#F6){ref-type="fig"}). Both phenomena were abolished if Kv1.2 current was "off," mimicking the effects of TsTx ([Figures 6C and 6D](#F6){ref-type="fig"}). Note that the delay between current onset and firing onset was shortened when time constant of the Kv1.2 current inactivation was accelerated ([Figures S7D--S7G](#SD1){ref-type="supplementary-material"}). In sum, the model supplemented with Kv1.2 current captures key features of near-threshold nonlinear spiking properties of motoneurons, making it suitable to use as a tool to explore how Kv1.2 channels might shape motor outputs during rhythmic activity such as locomotion.

We simulated a population of 50 uncoupled motoneurons that received sinusoidal stimuli representing incoming locomotor drive from the central pattern generator. To provide a necessary heterogeneity in firing properties of motoneurons, the half-activation (V~1/2~) of the Kv1.2 current was Gaussian-distributed using our experimental estimates of 42.6 ± 1.6 mV. In the population, both the sequential number of the effective cycle and the number of spikes generated in each cycle randomly varied due to intrapopulation variability of Kv1.2 properties ([Figure 6E](#F6){ref-type="fig"}, lower panel). As a result, the integrated activity builds up cycle by cycle before reaching a steady-state level ([Figure 6E](#F6){ref-type="fig"}, upper panel).

To confirm the predictive functional role of slow inactivation of Kv1.2 channels in progressively boosting locomotor outputs, we performed *ex vivo* experiments from whole-mount spinal cord preparations with fictive locomotion evoked by stimulation of sensory afferents from the cauda equina ([Figure 7A](#F7){ref-type="fig"}). As previously observed ([@R5]), when locomotor-like activity developed in response to repeated caudal stimuli, the rhythmic motor outputs recorded in L5 ventral roots showed typical windup, characterized by progressive increases in ventral root burst amplitude (p \< 0.01; [Figure 7B](#F7){ref-type="fig"}). Direct application of aCSF from a pipette located above the L5 ventral horn column on one side of the spinal cord did not disturb this windup of fictive locomotor outputs (p \< 0.05; [Figure 7C](#F7){ref-type="fig"}). By contrast, a similar application of either nifedipine (20 µM) or tityustoxin (1 µM) significantly occluded the windup of L5 ventral root discharges ipsilateral to the application (p \> 0.05; [Figures 7D and 7E](#F7){ref-type="fig"}, red traces) without affecting the untreated contralateral side (p \< 0.01; [Figures 7D and 7E](#F7){ref-type="fig"}, black traces); the first burst of fictive locomotor output was near the maximal amplitude seen after windup in the unaffected side. Altogether, these results establish a functional role for inactivation of Kv1.2 channels in progressively amplifying the initial output of fictive locomotion.

DISCUSSION {#S10}
==========

The present study shows that dynamic changes in motoneuronal excitability can be attributed to slow inactivation of Kv1.2 channels under physiological conditions. We found that most lumbar motoneurons display a delayed spike-frequency acceleration, as previously observed in neonatal mice ([@R38]; [@R46]) likely in the largest fast-type motoneurons ([@R14]; [@R38]). Far from being exclusive to spinal motoneurons, this firing pattern has been described in brainstem motoneurons of neonatal rats ([@R51]) and adult guinea pigs ([@R45]). Here, we show that this delayed spiking in motoneurons is not transiently expressed, but persists in a similar proportion into adulthood, suggesting that it develops early and is maintained through life.

Regardless of species-specific features, many factors may account for their late discovery in adults. First, our stimulation protocol (long-lasting subthreshold current) that most clearly demonstrated the slow membrane depolarization is infrequently used *in vivo*. Second, most intracellular recordings from *in vitro* adult preparations are performed at room temperature, which limits the activation of Kv1.2 channels ([@R50]). Third, adult slice preparations may bias recordings to small motoneurons with high input resistances ([@R8]) because larger delayed firing motoneurons that have large dendritic trees ([@R38]) may suffer more damage to dendrites during the slice procedure. Finally, other currents whose effects on the firing pattern are opposed to those of Iks, such as currents involved in the spike-frequency adaptation ([@R32]; [@R41]), could be differentially neuromodulated depending on the preparation and on the animal state.

The delayed spike-frequency acceleration in motoneurons is linked to a slow ramp depolarization. Some studies indicate that the spike-frequency acceleration results from imbalance between changing inward and outward currents ([@R44]; [@R45]). The present study suggests that, in neonatal motoneurons, the activation of persistent inward currents may be less important than the inactivation of a K^+^ current. Perinatal motoneurons broadly express three types of K^+^ current, including the Ca^2+^-dependent K^+^ current, the A-current, and a TEA-sensitive slow-inactivating K^+^ current ([@R18]; [@R58]). While the last one may contribute to the slow depolarization in motoneurons ([@R39]), we have identified a fourth K^+^ current whose inactivation plays the major role in generating the slow depolarization, and thereby the nonlinear spiking acceleration. This K^+^ current, here referred to as *I~Ks~*, resembles in some ways the *I~D~* current originally described in hippocampal cells ([@R54]): it is sensitive to 4-AP but insensitive to TEA, activates at subthreshold potentials, inactivates very slowly, and recovers from inactivation with a long time constant.

Our data point to Kv1.2 channel subunits as major contributors to *I~Ks~* in neonates. First, *I~Ks~* was eliminated by a Kv1.2-specific channel blocker and shows other pharmacological similarities with channels that contain Kv1.2 subunits. Second, immunostaining revealed that Kv1.2 channels were expressed in the initial segment of motoneurons. Third, a computational model endowed with a Kv1.2-like conductance reproduced motoneurons' nonlinear firing properties. Last, *I~Ks~* has substantial similarities with the biophysical profile of the Kv1.2-encoded current in heterologous expression systems ([@R23]; [@R59]).

Given the reported dependence of the firing frequency acceleration on L-type Ca^2+^ channels in adults ([@R25]; [@R27]; [@R28]; [@R30]; [@R56]), it is possible that *I~Ks~* is a transient characteristic at a time when L-type Ca^2+^ channels are weakly expressed in neonatal rat motoneurons ([@R18]). Our data provide support to the view that adult motoneurons do express functional Kv1.2 channels. Although the pharmacological approach to assess their contribution is quite challenging *in vivo*, the delayed firing pattern mediated in neonates by Kv1.2 channels appears to be qualitatively similar to that recorded in adult motoneurons. Notably, the progressive reduction of the delayed onset of firing in response to repetitive stimuli fits well with the rate of slow recovery from inactivation of Kv1.2 channels. Consistent with our findings, adult lumbar motoneurons in mammals express both Kv1.2 channels in their initial segments ([@R13]; [@R47]) and an unidentified TEA-insensitive slow inactivating K^+^ current ([@R53]). In sum, in adult motoneurons, Kv1.2 and L-type Ca^2+^ channels may have a complementary role in nonlinear firing properties; the L-type Ca^2+^ channels highly expressed in dendrites ([@R34]) may amplify synaptic inputs, while inactivation of Kv1.2 channels highly expressed in initial segments ([@R13]; [@R47]) may boost motoneuronal output.

*I~Ks~* mediated by Kv1.2 channels powerfully regulates the excitability of motoneurons in many ways. We found it to contribute to setting the resting membrane potential, to shunt early excitation manifested by an initial pause in firing, or a pause before initiation of firing, and then to promote a slow acceleration in firing rate because of its slow inactivation. This spike frequency acceleration preceding the initiation of plateau potentials is a marker of bistable motoneurons attributed to activation of a nifedipine-sensitive L-type Ca^2+^-current as well as persistent sodium and TRP-family calcium-activated nonselective (I~CAN~) currents ([@R4]; [@R25]; [@R27]; [@R28]). It is not widely known that nifedipine also blocks potassium channels including Kv1.2 channels ([@R23]). In light of this and our results, Kv1.2 channels appear to be a significant determinant in the voltage transition to the plateau potential. We can reasonably assume that the slow inactivation of Kv1.2 channels provides the initial depolarization that in turn initiates the recruitment of persistent inward currents sustaining plateau potentials. Under this assumption, the slow inactivation of Kv1.2 channels may be the primary mechanism by which the plateau threshold is lowered during tonic synaptic excitation ([@R2]). Finally, another important feature of Kv1.2 channels is their slow recovery from inactivation, which provides to motoneurons a memory trace of their own activity. As a result, successive excitations in motoneurons become more efficient to reach the firing level ([@R39]).

Genetic studies have supported the importance of Kv1.2 channels for motor function by linking their mutations to movement and gait disorders ([@R57]; [@R60]), but the cellular mechanism behind this was unclear. The present study provides insights into the operation of the locomotor network with a critical implication of Kv1.2 channels in adjusting the gain of motoneurons to behavioral needs. In motor tasks that involve repetitive movements such as locomotion, we show that the cumulative inactivation of Kv1.2 channels underlies windup of rhythmic motor outputs upon the initiation of fictive locomotion, as reported during the onset of step movements in cats ([@R33]) and humans ([@R19]). Kv1.2 channels may also contribute to the short-term potentiation of locomotor drives in motoneurons ([@R7]), somewhat reflected in the temporal facilitation of muscle activity produced by rhythmic muscle stretches in awake animals ([@R1]; [@R21]; [@R26]) or by repetitive voluntary contractions or muscle vibrations in humans ([@R20], [@R22]; [@R26]; [@R49]; [@R55]). In motor tasks that instead involve a tonic recruitment of motoneurons, such as during posture, we show that the slow inactivation of Kv1.2 initiates a voltage transition to a delayed nonlinear spiking activity and facilitates prolonged higher-frequency firing rates. Likewise, motor units in humans are sometimes recruited with a quite robust delay (which may exceed 10 s) followed by a firing acceleration and a gradation of muscle force ([@R12]; [@R36]). Thus, Kv1.2 channels may be useful in generating smooth control of the onset of muscle output by helping motoneurons to reach their "preferred firing range" ([@R36]). Finally, in behavioral contexts that involve a phasic recruitment of motoneurons such as during motor reflexes, the fast activation of Kv1.2 channels may serve as a low-pass filter, allowing motoneurons to respond preferentially to synchronous large-amplitude inputs while filtering out the small ones. Such circumstance may occur when large inputs from spindle primary afferents depolarize motoneurons to trigger a stretch reflex.

To conclude, in addition to mediating the nonlinear spiking properties that are markers of bistable motoneurons, we suggest that Kv1.2 channels play a fundamental role in the dynamics of locomotor circuits by switching motoneurons between gating and amplifying modes.

EXPERIMENTAL PROCEDURES {#S11}
=======================

Further details and an outline of resources used in this work can be found in the [Supplemental Experimental Procedures](#SD1){ref-type="supplementary-material"}.

Animals {#S12}
-------

Neonatal (3--11 days old) Wistar rats and adult mice (18 B6SJL, 12 C57BL/6, 45--180 days old) were housed under a 12-hr light/dark cycle in a temperature-controlled area with *ad libitum* access to water and food. All animal care and use conformed to the French regulations (Décret 2010-118) and were approved by the INT Marseille ethics committee CEEA 71 (authorization Nb A9 01 13) for the rat experiments and by Paris Descartes University ethics committee (authorizations CEEA34.MM.064.12 and 01256.02) for the mice experiments.

*In Vitro* Models {#S13}
-----------------

Slice preparation and whole spinal cord preparation were used for the whole-cell recordings and fictive locomotion experiments, respectively. Preparation procedures are detailed in the [Supplemental Experimental Procedures](#SD1){ref-type="supplementary-material"}.

*In Vivo* Model {#S14}
---------------

Anesthetized *in vivo* preparations were used for lumbar motoneuron recordings in adult mice. Preparation procedures are detailed in the [Supplemental Experimental Procedures](#SD1){ref-type="supplementary-material"}.

Intracellular Recordings {#S15}
------------------------

From *in vitro* experiments, whole-cell patch-clamp recordings were made from L4-L5 ventrolateral lumbar motoneurons. From *in vivo* experiments, intracellular recordings from lumbar motoneurons were performed with sharp electrodes. Procedures of intracellular recordings are detailed in the [Supplemental Experimental Procedures](#SD1){ref-type="supplementary-material"}.

Extracellular Recordings {#S16}
------------------------

Motor outputs were recorded using extracellular stainless steel electrodes placed in contact with right and left lumbar L5 ventral roots in response to spinal caudal equina stimulation via a suction electrode. See the [Supplemental Experimental Procedures](#SD1){ref-type="supplementary-material"} for more details.

Simulations {#S17}
-----------

Simulations were performed in the NEURON simulation environment on a multi-compartmental motoneuron model. See the [Supplemental Experimental Procedures](#SD1){ref-type="supplementary-material"} for more details.

Immunohistochemistry {#S18}
--------------------

Transverse spinal cord sections at the lumbar L4-L5 level were processed for immunohistochemistry using antibodies against Ankyrin G, Kv1.1, Kv1.2 channel isoforms. Tissue processing and staining are detailed in the [Supplemental Experimental Procedures](#SD1){ref-type="supplementary-material"}.

Statistical Analysis {#S19}
--------------------

The sample size was estimated considering the variation and mean of the samples. No statistical method was used to predetermine sample size. We used a nonparametric Mann-Whitney test or a Wilcoxon matched pairs test when two groups were compared, and a one-way ANOVA with or without repeated measures for multiple-group comparisons (GraphPad Prism 5 software). For all statistical analyses, the data met the assumptions of the test, and the variance between the statistically compared groups was similar. p values \<0.05 were considered significant. As mentioned in the figure legends, all data are presented as mean ± SEM.

Supplementary Material {#SM}
======================

[SUPPLEMENTAL INFORMATION](#SD1){ref-type="supplementary-material"}

[Supplemental Information](#SD1){ref-type="supplementary-material"} includes Supplemental Experimental Procedures, seven figures, and two tables and can be found with this article online at <https://doi.org/10.1016/j.celrep.2018.02.093>.
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![The Delayed Spike-Frequency Acceleration from Bistable Motoneurons Reflects Basic Features of a TTX-Insensitive Slow Membrane Depolarization\
(A) Superimposition of representative voltage traces in response to subliminal (bottom), liminal (middle black), or supraliminal (middle red) depolarizing pulses. Instantaneous frequency plots on top of intracellular recordings.\
(B) Time-course changes in duration (gray dots, left y axis) and amplitude (black dots, right y axis) of afterhyperpolarizations (AHPs) during tonic spiking of the motoneuron illustrated in (A). (Top) Superimposed AHPs.\
(C) Duration (gray dots, left y axis) and amplitude (black dots, right y axis) of AHPs as function of the firing frequency. Continuous lines are the best-fit linear regression. \*\*\*p \< 0.001, Spearman correlation test. r indicates the correlation index.\
(D) Similar recordings as in (A) under apamin (100 nM).\
(E) Superimposed voltage traces in response to subliminal (left and middle) or supraliminal (right) depolarizing pulses before (black) and during (red) TTX (1 µM). The dotted line illustrates the spiking threshold (V^th^).\
(F) Mean peak amplitude of slow membrane depolarizations (4.3 ± 0.4 mV for control versus 4.4 ± 0.5 mV during TTX, n = 11 cells). p \> 0.05, Wilcoxon paired test.\
(G) TTX-resistant slow membrane depolarization (left, black dots) recorded in (E) and time-course changes in instantaneous frequency of spikes (right, red line) recorded before TTX.\
(H) Superimposed voltage traces under TTX in response to a depolarizing pulse before (black) and during (red) nifedipine (20 µM). (Right) Mean of slow membrane depolarizations (4.5 ± 0.7 mV for control versus 1.1 ± 0.3 mV during nifedipine, n = 7 cells). \*p \< 0.05, Wilcoxon paired test.\
(I and J) Representative slow membrane depolarizations under TTX recorded either in Ca^2+^-free solution (I) or in the presence of cadmium (100 µM) (J).\
(K) Mean peak amplitude of slow membrane depolarizations (TTX: 4.4 ± 0.5 mV, n = 14 cells; Ca^2+^-free: 4.7 ± 0.5 mV, n = 6 cells; cadmium: 4.3 ± 0.3 mV, n = 8 cells). p \> 0.05, one-way ANOVA.\
Data are mean ± SEM. See also [Figures S1--S3](#SD1){ref-type="supplementary-material"}.](nihms955388f1){#F1}

![Slow Membrane Depolarization in Neonatal Rat Motoneurons Is Dependent on TEA-Insensitive Voltage-Gated K^+^ Channels\
(A) Superimposition of the first (black trace) and the last spike (red trace) from tonic spiking of the motoneuron illustrated in [Figure 1A](#F1){ref-type="fig"}.\
(B--D) Time-course changes in half-width duration (B), rise slope (C), and decay time (D) during tonic spiking.\
(E and F) Decay slope as function of the duration (E) or the firing frequency (F) of spikes. Continuous red lines in (B)--(F) are the best-fit linear or nonlinear regression. r indicates the correlation index.\
(G) Superimposed voltage traces in response to a depolarizing pulse before (black trace) and during (red trace) TEA (10 mM). (Right) Mean peak amplitude of slow membrane depolarizations (4.5 ± 0.8 mV for control versus 9.4 ± 1.5 mV during TEA, n = 8 cells). \*\*p \< 0.01, Wilcoxon paired test.\
(H) Representative voltage trace in response to a long-lasting depolarizing pulse superimposed by brief depolarizing pulses. (Top) Relative time course changes in the membrane resistance of motoneurons (n = 7 cells). \*p \< 0.05, comparing input resistance at the onset (100% ± 18%) and at the end (187% ± 18%) of the long-lasting pulse, n = 7 cells, Wilcoxon paired test.\
(I) Superimposed voltage traces before (black trace) and after (red trace) raising \[K^+^\]~o~ from 3 to 9 mM. (Right) Mean peak amplitude of slow membrane depolarizations (10.8 ± 1.0 mV in 3 mM \[K^+^\]~o~ versus 4.4 ± 0.7 mV in 9 mM \[K^+^\]~o~, n = 7 cells). \*p \< 0.05, Wilcoxon paired test.\
Data are mean ± SEM. See also [Figure S4](#SD1){ref-type="supplementary-material"}.](nihms955388f2){#F2}

![Biophysical Properties of Voltage-Gated K^+^ Channel(s) Responsible for the Slow Membrane Depolarization\
(A and B) Superimposed outward currents elicited by a depolarizing step before and after extracellular perfusion of a medium containing 9 mM \[K^+^\]~o~ (A) or after intracellular dialysis of cesium chloride (1 mM, (B). (Right panels) Mean of current amplitude of slow inactivating outward currents indicated by the vertical arrows (354.1 ± 16.3 pA in 3 mM \[K^+^\]~o~ versus 223.6 ± 11.5 pA in 9 mM \[K^+^\]~o~, n = 7 cells; 236 ± 13.8 pA for control versus 0.40 ± 0.08 pA for CsCl, n = 7 cells). \*p \< 0.05, Wilcoxon paired test.\
(C) Superimposed outward currents elicited by voltage steps from holding potential of −80 mV (left) or by stepping to the membrane potential of −20 mV from a series of holding potentials (right).\
(D) Activation (black dots) and steady-state inactivation (gray dots) curves of outward currents (n = 7 cells).\
(E) Recovery of outward currents from inactivation. The initial depolarization was followed by a second similar depolarizing step of same amplitude having interpulse interval from 1 to 15 s.\
(F) Mean values of the fractional recovery as function of interpulse intervals normalized to the amplitude of the outward current elicited by the first depolarizing step.\
(G) Representative outward current in response to voltage oscillations (0.5 Hz). In means, outward currents declined by 269.3 ± 30.2 pA, n = 6 cells. \*p \< 0.05, Wilcoxon paired test.\
(H) Left panel: superimposed outward currents in response to a depolarizing pulse as a function of bath temperature (n = 5 cells). Right panels: mean current amplitude of slow inactivating outward currents as a function of temperature. Continuous line is the best-fit linear regression. r indicates the correlation index. All recordings are performed in the presence of TTX (1 µM) and TEA (10 mM).\
Data are mean ± SEM. See also [Figure S5](#SD1){ref-type="supplementary-material"}.](nihms955388f3){#F3}

![The Pharmacological Profile of the Outward Current Associated with Immunostaining Implicates Kv1.2 Channels\
(A--D) Superimposed outward currents in response to a depolarizing pulse before (black trace) and during (red trace) nifedipine (20 µM) (A), stromatoxin (STx; 3 µM) (B), 4-aminopyridine (4-AP; 0.2 mM) (C), or dendrotoxin-I (DTx-I; 1 µM) (D). On right of all panels, mean amplitude of slow inactivating outward currents indicated by the vertical arrows (259 ± 25 pA for control versus 60 ± 12 pA during nifedipine, n = 6 cells; 232 ± 27 pA for control versus 216 ± 35 pA during STx, n = 12 cells; 217 ± 25 pA for control versus 68.6 ± 18.2 pA during 4-AP, n = 6 cells; 163.7 ± 11.7 pA for control versus 18.4 ± 6.4 pA during DTx-I versus 162.5 ± 26.1 pA in washout, n = 8 cells). p \> 0.05; \*p \< 0.05; \*\*p \< 0.01, Wilcoxon paired test in (A)--(C), one-way ANOVA with repeated measures in (D).\
(E--J) Immunostaining of Kv1.1 (E) (n = 66 cells) or Kv1.2 (H, n = 62 cells) along the axon initial segments of neonatal rat lumbar motoneurons (L4-L5) labeled by the ankyrin G antibody (F and I). Kv1.1 and ankyrin G are merged in (G), and Kv1.2 and ankyrin G are merged in (J).\
(K--M) Double immunostaining of Kv1.1 (K) and Kv1.2 (L) along the axon initial segments of neonatal rat lumbar motoneurons (L4-L5, n = 49 cells). Both are merged in (M). Asterisks indicate the nucleus of motoneurons. Arrowheads show axon initial segments. Scale bars, 20 µM.\
(N and O) Superimposed outward currents in response to a depolarizing pulse before (black trace) and during (red trace) dendrotoxin-K (DTx-K; 1 µM) (N) or during tityustoxin (TsTX; 1 µM) (O). (Right panels) Mean amplitude of slow inactivating outward currents indicated by the vertical arrows (350.9 ± 53.6 pA for control versus 358.6 ± 57.8 pA during DTx-K, n = 6 cells; 291.5 ±46.2 pA for control versus 75.6 ± 32.3 pA during TsTX versus 210.7 ± 39.7 pA during washout, n = 8 cells). p \> 0.05; \*p \< 0.05; \*\*p \< 0.01, Wilcoxon paired test in (N), one-way ANOVA with repeated measures in (O). All recordings are performed in the presence of TTX (1 µM) and TEA (10 mM). Data are mean ± SEM.](nihms955388f4){#F4}

![Slow Inactivation of Kv1.2 Channels Promotes Near-Threshold Nonlinear Firing Properties in Bistable Motoneurons\
(A) Superimposed voltage traces in response to subliminal depolarizing pulse before (black trace) and during (red and green traces) tityustoxin (TsTX; 1 µM).\
(B) Mean amplitude of slow depolarizations from seven motoneurons as function of the membrane potentials before TsTX (black), during TsTX (red), and after washout (blue). Mean peak amplitude (4.4 ± 0.5 mV for control; 0.83 ± 0.17 mV during TsTX; 3.6 ± 0.08 mV after washout). \*\*\*p \> 0.001, one-way ANOVA with repeated measures. Continuous lines are the best-fit linear regression.\
(C and D) Representative voltage traces in response to a liminal (C) or supraliminal (D) depolarizing pulse before (black trace) and during TsTX (red trace). Instantaneous frequency plots on top of intracellular recordings.\
(E) Mean time-course changes in instantaneous firing frequency from all recorded motoneurons before (black) or during TsTX (red) in response to a supraliminal depolarizing pulse (n = 7 cells). Instantaneous firing frequency changes from 16 ± 1.5 to 25.1 ± 1.7 Hz before TsTX and from 24 ± 3 to 26 ± 1.8 Hz during TsTX. p \> 0.05; \*\*p \< 0.01, Wilcoxon paired test.\
(F and G) Representative voltage traces before (black trace) and during TsTX (red and green traces) in response to subliminal (F) or liminal (G) oscillatory currents (1 Hz). (F, right panel) Mean peak amplitude increases of membrane oscillations (4.6 ± 0.4 mV for control versus 0.2 ± 0.1 mV, n = 9 cells). \*\*p \< 0.01, Wilcoxon paired test. Spikes in (G) are truncated. All recordings are performed under kynurenate (1.5 mM). Note that under TsTX a bias current was used to maintain the pre-pulse membrane potential at the holding potential fixed in control condition. For a direct comparison, current pulses were also adjusted to reach the same level of depolarization at the onset of the pulse as that for control (red trace in F). Note a same current amplitude as in control was also injected (green trace in F).\
Data are mean ± SEM. See also [Figure S6](#SD1){ref-type="supplementary-material"}.](nihms955388f5){#F5}

![Firing Responses of Simulated Motoneurons to Steady and Oscillatory Depolarizing Inputs Suggest Essential Role of the Slow Inactivation of Kv1.2 Channels in Powering Up Locomotor Outputs\
(A--D) Sequences of action potentials evoked by depolarizing current steps (A and C) or by 1-Hz sinusoidal depolarizing currents (B and D) applied at the soma in the conditions of Kv1.2 current switched "on" (A and B) and "off" (C and D). In (A), the slow inactivation time constant was adjusted to obtain a duration of the pre-firing depolarization similar to that recorded experimentally. (E) Activity of a population of 50 uncoupled simulated motoneurons receiving the same sinusoidal stimulation as in (B). Lower panel: raster plots of the spiking activity of individual cells where each horizontal line represents a neuron and each dot represents a spike. Upper panel: integrated population activity represented by the histogram of average number of spikes per second per neuron (bin width 10 ms). The motoneurons differed in the Kv1.2 current half-activation potential, which had a Gaussian distribution with mean ± SEM of 42.6 ± 1.6 mV corresponding to the experimental estimates.\
See also [Figure S7](#SD1){ref-type="supplementary-material"}.](nihms955388f6){#F6}

![Slow Inactivation of Kv1.2 Potassium Channels for Powering Up Fictive Locomotor Outputs\
(A) Drawing of the *in vitro* isolated spinal cord from neonatal rat illustrating lumbar (L5) ventral roots where the locomotor-like activity was recorded, and the localized ipsilateral application of drugs at the level of the L5 ventral horn. The caudal equina was stimulated (200--850 µA, 10--20 s, 1--4 Hz) to induce fictive locomotion.\
(B--E) Raw traces of locomotor output recorded from right (rL5) and left (lL5) L5 ventral roots before (B) or after a brief local application of aCSF (C), nifedipine (D), or tityustoxin (E) above the ventral horn ipsilateral to rL5. Dashed lines represent the caudal equina stimulation. (Right panels) Time-course changes in amplitude of motor outputs during the initial phase of fictive locomotion. n = 4, 8, and 6 isolated spinal cords with aCSF, nifedipine, and tityustoxin, respectively. p \> 0.05; \*p \< 0.05; \*\*p \< 0.01, Wilcoxon paired test. Data are mean ± SEM.](nihms955388f7){#F7}

###### Highlights

-   Neonatal and adult bistable motoneurons display delayed spike-frequency acceleration

-   Delayed spike-frequency acceleration reflects slow inactivation of Kv1.2 channels

-   Kv1.2 channels are highly expressed in axon initial segments of motoneurons

-   Slow inactivation of Kv1.2 channels amplifies motor outputs upon locomotion onset

[^1]: Lead Contact
